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Abstract

There is a growing interest worldwide in utilising water more efficiently.  This paper presents a study undertaken to explore the financial aspects of an in-building water re-use system.  The financial issues are defined in terms of: capital costs, running costs, maintenance costs and water saving benefits.  A model was developed to allow the user to specify factors pertinent to a net present value calculation and to map the viability space (i.e. the set of conditions required for the re-use system to be financially viable). The most important variable was found to be the annual maintenance cost.  A scoring system was developed to indicate the degree of financial viability.  Use of the model is explained by the application of three example cases.

1. Introduction

There is a growing interest worldwide in utilising water more efficiently.  One means to achieve this is to specify in-building recycling of grey water.  It has been clearly demonstrated that it is technically feasible to recycle grey water (e.g. Surendran, S. & Wheatley, A., 1999).  However, the level of service provided by such technology (in terms of the quantity and quality of the recycled water) is tightly linked to the cost-effectiveness of its provision

In this paper we describe a study undertaken to explore the financial aspects of an in-building water reuse system.  A process systems model has been developed, and this is used to assess the relationship between technical specification, maintenance requirements and water saving.  This in-turn is coupled to a financial viability model, which considers capital, running and maintenance costs and water saving benefits.  This work forms part of a larger EPSRC-funded project.​[1]​

2. Simulation model

A simulation model (Dixon et al., 1999a; 1999b) has been developed to investigate the performance of water reuse systems. The model consists of two modules; an input module that generates and/or processes time series of water use events and a system module that simulates the key water flow and quality processes within a reuse system. Performance is assessed through evaluation of indicators for water conservation, health, aesthetics and functionality. The model can be run under a wide range of water reuse scenarios incorporating changes in scale, technology and maintenance strategy.

2.1 Input module

In order to assess the detailed interactions between individuals, water using appliances and water reuse technology, it is necessary to look at a sub-daily time interval. Presently, the input model works at a time interval of one hour. The model can simulate appliance usage events at a single family home and a multi-occupancy residence. 

Water usage events at a single family home are simulated using the Monte Carlo technique applied to a dataset for domestic appliance usage (Butler, 1991). Events in a multi-occupancy residence are simulated by running several single family homes in parallel. It has been reported that patterns of use in multi-occupancy housing are slightly different to those in a single family (Baumann et al., 1997). However, at present, water usage events at single family and multi-residential scales are derived by running several single family houses in parallel. Typical patterns for WC and grey water discharges are shown in Figures 1 and 2. 

​


​Fig. 1  Simulated WC discharge from multi-occupancy buildings

​


​ 
Fig. 2  Simulated grey water discharge from multi-occupancy buildings

2.2 System module

The system module is a deterministic, system dynamics model. It simulates the flow of water through the main components of the water reuse system. Typically, these components fall into the category of storage, control, treatment and delivery, each of which is a variable in the model. The system module also incorporates a water quality sub-module which is briefly described in section described in section 2.3. 

Storage

The model storage component aggregates the inputs and outputs in hourly time steps assuming a complete-mix system and using a ‘spill before yield’ concept for simultaneous supply and demand. If the storage capacity is exceeded then the excess is discharged to waste. If there is insufficient water in the store to meet the demand then the mains potable water supply makes up the difference (see Figure 3).

Pumping and Delivery

The delivery system includes any pumps and pipework necessary to transport grey water or rainwater from source to application. The delivery system is simply modelled. It is assumed to be working or not working. If it is working then it is assumed that the required volume of water passes from one place to another within the time interval. It is assumed, with the exception of certain case studies, to have negligible storage volume and not to contribute to water quality changes.

Control

The system of control acts to co-ordinate the operation of the whole reuse system. It works in conjunction with the delivery system, using switches, valves and similar equipment to control pumps and water flow.
​
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Fig. 3  Generic reuse system with
single storage tank

In addition, it monitors the operation of other components (e.g. disinfection) and initiates fail-safe or warning devices if operation is not within predefined limits. Examples of control systems and devices include:
	Mains make-up,
	Float switches,
	Auto-drain facilities,
	Pump cut off switches,
	Warning lights.

These features have been incorporated in the simulation model and are common in commercial reuse systems.  

Treatment components

Each treatment component has its primary function and the degree to which (or how well) it carries out this function. For example, the primary function of a filter unit is to remove a fraction of the suspended solids from the flow stream. The primary functions of different treatment options are considered in the next section. Reliability and maintenance of treatment components are considered in the same way as other system components. The following section provides more detail of the simulated treatment component.

2.3 Water quality sub-module

Water quality processes are considered to be ‘natural’ or due to treatment. Natural processes concern aerobic and anaerobic degradation of organic matter, settlement of solids, and oxygen transfer through the free water surface. Treatment processes represented in the model are disinfection with chlorine and filtration of suspended solids. Other treatment technologies can be modelled as add-on  ‘black boxes’.



Natural processes

Model components of aerobic growth, decay and hydrolysis have similarities with the representation found in the Activated Sludge Model No.1 (Henze et al., 1989). Water quality processes are represented in terms of their COD value, which is divided into soluble, particulate and inert fractions. The representation of anaerobic COD release is similar in format to other equations in the ASM. Other water quality processes are more simply modelled. Settlement is represented by a first-order model and surface reaeration is based upon the deficit between actual DO levels and the temperature dependent DO saturation level. A detailed description of these processes can be found in Dixon et al. (1999c) Figure 4 shows the effectiveness of the model in representing COD and DO changes in stored grey water.



Fig. 4  Measured and modelled DO & COD in stored grey water

Disinfection

Chemical disinfection (chlorination or bromination) has been chosen as the primary means of disinfection in the model because of its application in commercial water reuse systems. The benefits of chlorination (or bromination) are its proven ability to disinfect varying qualities of water, and that it has residual disinfective properties that can act to prevent regrowth of undesirable micro-organisms. The effect of chlorine on the microbial population is described in the model by equation (1):

Nt/No = (1+ 0.23Ct  t)3				[1]

Nt  = Number of bacteria at time t after dosing 
No  = Initial number of bacteria 
Ct  = Concentration of total available chlorine 
t    = time

Filtration of suspended solids

In this study filtration is defined as the removal of suspended material by passing grey water or roof runoff through a perforated physical barrier. Finer mesh sizes will produce greater the solids removal. Filters may vary in sophistication; the most sophisticated have high suspended solids removal efficiencies albeit at an increased cost – e.g. membrane filtration. The less sophisticated filters, such as cartridge filters, tend to have lower removal rates and are prone to blocking or failure. The two filter options modelled here are basic in their function and in their simulation. The first considers a filter that removes solids from the stream with no loss of flow or removal efficiency – this has been termed the self-clean filter. In reality, this filter may have a backwash cleaning cycle as part of its operation. The second type is a filter that accumulates solids, reducing the removal efficiency and also impact upon water flow, by increasing spill and reducing flow to the store and reducing water saving efficiency (the proportion of WC demand satisfied by the recycled water). The frequency of maintenance of this type of filter will have an impact on water saving efficiency.

3. Financial viability

The financial aspect of a water reuse system is crucial in defining its success. The financial issues are defined as:
	Capital costs
	Running costs
	Maintenance costs
	Water saving benefits

Each of these financial concerns is determined by it’s own array of factors. This project has investigated running and maintenance costs and water saving benefits. Capital costs are an estimate based upon current prices for water reuse technology and are subject to variation according to technical specification, market share, manufacturing costs and other factors.

The simulation model previously described permits the user to assess the relationship between technical specification, maintenance requirements and water saving benefits. The following section describes a simple model relating water saving efficiency to costs and the financial viability of a water reuse application. The concept of net present value (NPV) has been used. NPV is a means of determining the financial viability of a project/system over a given term at a given discount rate (see equation (2)). 

NPV = -C + ((b-c)/(1+r)m))     for m = 1 to n	[2]

C = capital costs
c = annual costs (maintenance and running)
b = annual benefits (water saving)
r = discount rate
n = term of recovery of capital





3.1 Financial model 

The model is contained in a spreadsheet, with a number of linked tables and equations (components). These components include a table for NPV for a range of capital costs and annual benefits at a given maintenance cost and discount rate. This relates to a table of estimated maintenance costs, and a table of water saving. Figure 5, indicates the interactions between each component.
















Fig. 5  Illustration of financial viability model and links to system model

Costs

Each time a system requires maintenance, a charge of £15/hour is levied. It is assumed that any maintenance job will take at least one hour and is carried out by a maintenance engineer. In reality maintenance may be carried out by the owner/user of the system – the £15 charge is representative of the time that they invest in the job. The charge is increased according to the number of hours the task takes at a rate of £15/hour. 

Running costs are a function of power consumption (typically one or more pumps) and the provision of chemicals to the system and are considered as part of the maintenance costs. Results show that the power consumption of the pumps is typically very low in comparison with other costs and the material costs (at least for domestic systems) are also low. These could be explicitly represented if required.

		Water saving efficiency
Occupants	WC demand (m3/year)	10	20	30	40	50	60	70	80	90	100
4	36	4	7	11	14	18	22	25	29	33	36
27	286	29	57	86	114	143	171	200	229	257	286
51	534	53	107	160	214	267	320	374	427	480	534
92	948	95	190	284	379	474	569	664	758	853	948
Capital costs are difficult to define, in that there are only a few reuse systems on the market (in the UK). Of the simple domestic systems, a cost in the region of £1000 (excluding installation costs) is reasonable. Thus the upper limit of capital costs chosen in this work was defined by what was possible to recover in a payback term of 5 years. Capital costs greater than £2000 would require a longer payback time or an increase in the water conservation savings beyond what is predicted by the systems model. 

Recovery of capital costs over a 5-year term was thought to be reasonable for most applications. An extension of this term would increase the financial viability of certain systems, yet a longer term may be less attractive to the purchaser. A discount rate of 6% was chosen, based on earlier work on the financial viability of water demand management measures (NRA, 1995).

The simulation model provides estimates of water saving efficiency for different reuse systems and these results are used in the financial model. The water prices were estimates based on existing charge rates and the charge rates that may be necessary to promote the uptake of water reuse.

The scoring system

The model allows the user to enter values for all the variables in the NPV equation and to map the viability space (i.e. the set of conditions that is required for the reuse system to be financially viable). In practice, the main variable was the annual maintenance cost. The NPV was calculated for each maintenance cost value in the range specified in Table 1. If the NPV was positive (indicating that capital recovery would be possible within the given term), then the index was scored ‘1’ point. If it was negative, no points were scored. In order to map the whole ‘space’ the NPV ‘scores’ were summed for each of the values in the maintenance cost range (Table 6). Thus, a score of zero indicates that a system is not financially viable within the given term and discount rate. A score of 1 to 9 (Table 5) indicates viability for the corresponding values of capital, maintenance and water saving values (Figure 6, Tables 2, 3 and 4). For example, a score of 7 means that the system is viable at maintenance costs of up to £500, which can be made up of 6 annual maintenance events. This is best explained with the aid three scenarios.

Table 1	Summary of ranges used in
financial model
Item	Value/Range
Number of maintenance jobs per year	1-12
Number of hours spent at each maintenance job	1-12
Annual maintenance costs (£)	25 – 932
Capital costs (£)	0-2000 
Term of recovery of costs (years)	5
Discount rate (%)	6
Range of water saving eff’y (%)	0-100
Water/wastewater charge rate (£)	1.50 - 3.00
Occupancy levels	4, 27, 51, 92

Table 2	Volumetric savings made through 
water reuse

3.2 Financial scenarios

Three scenarios are explored, using the example of a building operator who wishes to install a grey water reuse system in a block of flats with 27 occupants and budget of just £1500. The model can be used to indicate the maintenance requirement and water saving efficiency necessary to give a 5-year payback at a discount rate of 6%.  

Table 3	Volumetric savings made through 
water reuse
	Water charge  (£/m3)
Financial saving (£)	1.5	2	2.5	3
50	33	25	20	17
100	67	50	40	33
150	100	75	60	50
200	133	100	80	67
250	167	125	100	83
300	200	150	120	100
350	233	175	140	117
400	267	200	160	133
450	300	225	180	150
500	333	250	200	167
550	367	275	220	183
600	400	300	240	200
650	433	325	260	217
700	467	350	280	233
750	500	375	300	250
800	533	400	320	267
850	567	425	340	283
900	600	450	360	300
950	633	475	380	317
1000	667	500	400	333

Scenario I - a system with a high probability of failure (average of 36 failures in 3 years) and a three monthly inspection (and maintenance) frequency

In this scenario, the first step is look at the potential water savings of the reuse system (see Figure 6). The cross and dashed line illustrate a water saving of approximately 20-30% of WC demand (PIE). This translates into a volume of up to 86 m3/year  (Table 2), equivalent to a maximum saving of £250/year at the highest water/wastewater charge rate (£3/m3) and £100-150 /year at the lowest (£1.5/m3) (Table 3). Now we use these figures in the Net Present Value table (Table 4) to indicate the range of viable maintenance costs. A capital cost of £1500 and annual savings of £250/year give a NPV score of ‘1’, which is equivalent to an allowance of £25/year for maintenance costs (Table 5). A total of 4 maintenance events per year is required (Figure 6), costing a minimum of £60 (Table 6).  Clearly, the system is not viable with this combination of maintenance regime, water saving efficiency and capital costs.
​

​

Fig. 6 Relationship between maintenance events and efficiency for a reuse application at a 27-occupant residence (simulation model results)

Scenario II - a system with a high probability of failure (average of 36 failures in 3 years) and a monthly inspection (and maintenance) frequency 

Scenario II is similar to scenario I, except for a more frequent inspection/maintenance programme. Increased maintenance frequency leads to improved water saving efficiency, in the region of 50% (* and solid line in Figure 6) equating to an estimated 143 m3/year water saving (Table 2). At the highest water rates this volume would result in a financial saving of up to £400 (Table 3). Reference to the NPV table indicates that a maintenance score in the range 1 to 4 is possible - a maximum of £150/year maintenance spending (Tables 4 and 5). The stipulated maintenance frequency was once per month (12 times a year), which is a minimum cost of £180 if each inspection/event took one hour to carry out (Table 6). Thus, once again, the system is not financially viable. If the system were slightly cheaper, the term of payment extended, the system made more reliable, or the water price increased then viability may be possible. 

Scenario III - a reliable system (average 1 failure in 3 years) with a three-month inspection frequency.

This more reliable system leads to a greatly improved water saving efficiency of approximately 90% of the WC demand (Figure 6), or up to £750/year at the highest water rate (Tables 2 and 3). This gives greater flexibility in the cost allowance for maintaining the system.  The NPV table (Table 4) indicates that a maintenance score of up to 7 is permissible – equivalent to an allowance of up to £500/year (Table 5). This maintenance allowance easily covers 3 monthly maintenance events (4 per year) even if each event takes 8 hours or a working day to complete (Table 6). Thus this scenario is viable.

The three scenarios illustrate the usefulness and limits of the financial viability model. The model’s strength is in the way it links system performance and the results of the simulation model with system costs and benefits in a relatively simple framework. Yet, model results are only indicative – useful as a starting point for more detailed analysis.



Table 4 Net present value for varying costs and savings





	Annual savings
Capital Cost	0	50	100	150	200	250	300	350	400	450	500	550	600	650	700	750	800	850	900	950	1000
500	0	0	1	2	3	4	5	5	6	6	6	6	7	7	7	7	7	8	8	8	9
750	0	0	0	1	2	3	4	5	5	6	6	6	6	7	7	7	7	7	8	8	8
1000	0	0	0	0	2	3	4	5	5	6	6	6	6	7	7	7	7	7	8	8	8
1250	0	0	0	0	1	2	3	4	5	5	6	6	6	6	7	7	7	7	7	8	8
1500	0	0	0	0	0	1	2	3	4	5	5	6	6	6	6	7	7	7	7	7	8
1750	0	0	0	0	0	0	2	3	4	5	5	6	6	6	6	7	7	7	7	7	8
2000	0	0	0	0	0	0	1	2	3	4	5	5	6	6	6	6	7	7	7	7	7







Table 6 Estimate of maintenance costs from frequency and intensity






	Time spent at each event (hours)
Maintenance events/ yr	1	2	3	4	5	6	7	8	9	10	11	12
1	15	30	45	60	75	90	105	120	135	150	165	180
2	30	60	90	120	150	180	210	240	270	300	330	360
3	45	90	135	180	225	270	315	360	405	450	495	540
4	60	120	180	240	300	360	420	480	540	600	660	720
5	75	150	225	300	375	450	525	600	675	750	825	900
6	90	180	270	360	450	540	630	720	810	900	990	1080
7	105	210	315	420	525	630	735	840	945	1050	1155	1260
8	120	240	360	480	600	720	840	960	1080	1200	1320	1440
9	135	270	405	540	675	810	945	1080	1215	1350	1485	1620
10	150	300	450	600	750	900	1050	1200	1350	1500	1650	1800
11	165	330	495	660	825	990	1155	1320	1485	1650	1815	1980
12	180	360	540	720	900	1080	1260	1440	1620	1800	1980	2160




Table 5 Key for maintenance costs and financial viability (positive NPV)
Annual maintenance cost (£)/yr)	Score on NPV table (Table 4)
25	1
50	2
100	3
150	4
200	5
300	6
500	7
750	8
932	9

4. Conclusions

Presently, the data used in the model are estimates derived from the best available information on system costs and maintenance requirements, both of which are subjects of current discussion and research. More detailed data would lead to more accurate results. Such data could simply be incorporated in the model.  

Results from the analysis indicate the narrow margins available in the delivery of cost-effective water recycling and the importance of on-going maintenance costs.
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G  = Appliance grey water inflows
R  = Rainwater inflows
W = Waste overflow
S   = Volume of water in store
O  = Outflow form store
M = Mains supply make-up
D  = WC demand

Net present value based upon capital costs, maintenance costs and annual savings

Water saving efficiency
(link to systems model)

Annual costs associated with maintenance frequency and intensity
(link to systems model)

Financial savings based upon charges for water/ wastewater

Over a given term of capital recovery (m) and discount rate (r)



^1	  Water Recycling Opportunities for City Sustainability (WROCS)
